The cell wall of Sulfolobus acidocaldarius has been isolated. Cells were mechanically disrupted with a French press, and the cytoplasmic membrane was removed by extracting cell-envelope fragments with Triton X-100. The Tritoninsoluble cell wall material retained the characteristic subunit structure when examined in the electron microscope. Isolated cell wall fragments formed in open sheets that were easily separated from cytoplasmic contamination. Chemical studies showed that the Triton-insoluble cell wall fragments consisted of lipoprotein with small amounts of carbohydrate and hexosamine. The amino acid composition indicated a highly charged hydrophobic cell surface. The presence of diaminopimelic acid with only traces of muramic acid indicates that the cell envelope does not have a rigid peptidoglycan layer. The results of chemical analyses and electron microscopy suggest a wall-membrane interaction stabilizing the cell envelope. The chemical and physical properties of this type of cell envelope would appear to form the basis for a new major division of bacteria with the definitive characteristics of a morphologically distinct subunit cell wall devoid of peptidoglycan.
The ability to survive at low pH and high temperature distinguishes Sulfolobus acidocaldarius from other bacteria (4) . The cell wall and perhaps the cytoplasmic membrane are the only cellular components that must be exposed to both low pH and high temperature. The subunit cell wall lacks a morphologically defined peptidoglycan layer which is characteristic of the cell wall of gram-negative bacteria. Subunit cell walls, devoid of peptidoglycan, have also been reported on bacteria from extreme saline environments (6, 8) . Although some information on these cell walls is available (18) , little is known of the structured cell wall of S. acidocaldarius. In a previous paper, we reported on the biochemical composition of whole-cell hydrolysates of S. acidocaldarius, but no chemical analysis of the cell envelope was presented (4) . In this report, the effects of several treatments on the cell envelope are examined. This work was undertaken for the following reasons: (i) to provide a means for separating the cell wall from the cytoplasmic membrane, (ii) to obtain information on the nature of covalent and noncovalent bonds involved in maintaining the subunit structure of the cell wall and (iii) to provide information on the chemical composition of the cell wall.
'Present address: The Biological Laboratories, Harvard University, Cambridge, Mass. 02138 MATERIALS AND METHODS S. acidocaldarius (ATCC no. 27360) was used in most experiments. Cultures were grown at 70 C, pH 2, in basal salts medium with 0.1% yeast extract (4) .
The following chemical reagents were used: disodium ethylenediaminetetraacetic acid (EDTA) (Sigma Chemical Co., St. Louis, Mo.), sodium dodecyl sulfate (SDS) (Matheson, Coleman and Bell, Cincinatti, Ohio), dithiothreitol, Triton X-100 (Calbiochem, Los Angeles, Calif.) and guanidine hydrochloride, and dimethyl sulfoxide (Eastman Organic Chemicals, Rochester, N.Y.).
The enzymes used, trypsin (EC 3.4.4.4), 2x-crystallized, and lysozyme (EC 3.2.1.17), 3x-crystallized, were obtained from Nutritional Biochemicals Corp., Cleveland, Ohio. Pronase (protease, B grade) was purchased from Calbiochem, La Jolla, Calif. Cells were washed three times in 10 mM N-2-hydroxyethylpiperazine-N'-2'-ethanesulfonic acid (HEPES) buffer (pH 7) before treatment with various enzymes and reagents. Treatments with proteolytic enzymes were carried out in 10 mM HEPES buffer (pH 7) for 24 h at 37 C. Treatment with dimethyl sulfoxide was for 24 h at 60 C. Lysozyme treatment has recently been described (15) . Escherichia coli was used as a control to show that the lysozyme system was active.
Biochemical assays were performed on intact cells or subfractions of cells. For protein assays, samples were extracted with 1 N NaOH for 60 min at 23 C and assayed by the method of Lowry et al. (12) . Crystalline lysozyme was used as a standard. For hexosamine assays, samples in sealed tubes were hydrolyzed with 3 N HCl for 4 h at 95 C. The sample was neutralized with 3 N NaOH, and hexosamine was determined (19) by using glucosamine as a standard. Carbohydrate assays were performed by the phenol-sulfuric acid method of Hodge and Hofreiter (10) , with glucose as a standard.
To prepare cell envelopes, midlogarithmic-phase cultures were harvested by centrifugation for 15 min at 8,000 x g and washed three times in glass-distilled water. The cells were suspended in 10 mM HEPES buffer (pH 7) and lysed by raising the pH to 10.5 with 1 N NaOH. The suspension was then quickly neutralized with 1 N HCl, centrifuged for 20 min at 10,000 x g, washed three times in 10 mM HEPES buffer (pH 7), and used for chemical analysis.
To isolate cell walls, cultures were grown to the early logarithmic phase (107 to 108 bacteria per ml), harvested by centrifugation for 15 min at 8,000 x g, and washed three times in 10 mM HEPES buffer (pH 7). A concentrated cell suspension in 10 mM HEPES buffer (pH 7) was passed through a French press at a pressure just sufficient to obtain cell breakage (6, 000 lb/in2). The cell-envelope fragments were then centrifuged at 17,000 x g for 10 min and washed three times in 10 mM HEPES buffer (pH 7). Next, the sample was suspended in 20 ml of 10 mM HEPES buffer (pH 7) , and an equal volume of 4% Triton X-100 in 10 mM HEPES buffer (pH 7) was added to remove the cell membrane. The Triton-insoluble cell wall fraction was washed three times in 10 mM HEPES buffer (pH 7) , concentrated by centrifugation (17,000 x g) for 10 min, and used for chemical analysis.
The amino acid composition was determined by the general method of Spackman, Stein, and Moore (16) . Muramic acid and diaminopimelic acid were detected by modification of the column temperatures and the buffer system (14) by using a Beckman model 121 amino acid analyzer with 12-mm cuvettes and range card.
Tryptophan was determined by the method of Spies and Chambers (17) . Cystine was determined as cysteic acid after performic acid oxidation (20: 1, HCOOH-H202, vol/vol) for 30 min at 25 C.
Samples were prepared for thin-sectioning by a double fixation technique (7) . Samples in 10 mM HEPES buffer (pH 7) were prefixed overnight at 0 to 4 C in 1% glutaraldehyde. After fixation, samples were washed twice in 10 mM HEPES (pH 7) and fixed for 1 h at 23 C with 3'S glutaraldehyde in 5 mM HEPES (pH 7.2). The preparation was then washed free of glutaraldehyde with 5 mM HEPES buffer (pH 7.2) and fixed for 1 h at 23 C with 1%' OS04 in 5 mM HEPES (pH 7.4). Dehydration was carried out with increasing concentrations of ethanol after which samples were transferred to acetone, embedded, and sectioned as previously reported (4). For negative staining, 1% aqueous uranyl acetate was used. The methods used for negative staining have been described (4). For freeze-fracturing and -etching, logphase cells were harvested by centrifugation for 15 min at 8,000 x g and washed three times in either distilled water or 10 mM HEPES buffer (pH 7). Cells were concentrated by centrifugation for 15 min at 8,000 x g and mounted on a copper specimen holder. Cells were frozen in partially solidified Freon 22 cooled with liquid nitrogen. Freeze-fracturing and -etching were performed with a Balzers unit as previously described (13) . Freeze-fracturing was carried out at 110 C, and freeze-etching was done at 104 C. All samples were observed with a Hitachi HU-11C electron microscope operated at 50 kV or a Philips 300 operated at 60 kV.
RESULTS
Characteristic multilobed cells of S. acidocaldarius are illustrated in Fig. 1 . The cell wall is an unusual feature of this organism. In many sections, the subunits forming the cell wall are evident. Figure 1 shows the subunits in cross section and in transverse grazing section. The well-defined cytoplasmic membrane is observed in profile as two dense outer layers separated by a light inner layer. The densely staining cytoplasm is interrupted by clear areas presumed to be deoxyribonucleic acid.
The electron-transparent subunits forming the cell wall of S. acidocaldarius were clearly shown in negatively stained preparations. The generally polygonal subunits appear over the surface and on a cell wall fragment (Fig. 2) . Deposits of negative stain in the central core of these subunits suggest that the polygonal units have a hollow core. The diameter of the subunits as measured in negatively stained preparations was 15.5 nm with a center-to-center spacing of about 20 nm. The size of subunits did not vary when cells were grown autotrophically on sulfur or heterotrophically on yeast extract. The subunits forming the cell wall of autotrophically grown cells were identical in appearance with those shown in negatively stained preparations (Fig. 2) . Under the experimental conditions used, the size of the subunits remained constant after prolonged periods of incubation at low pH and high temperature.
Negatively stained cells emphasize the lobed shape of S. acidocaldarius (4) as seen in Fig. 2 , but the surface contour of the cellular lobes is shown best in freeze-etched preparations. Freeze-fracturing did not expose the interior of the cell wall or the hydrophobic interior of the cytoplasmic membrane. The cells were crossfractured, revealing a somewhat granular cytoplasm (Fig. 3) . Subsequent etching of the fractured cells exposed a regular hexagonal array of subunits on the outer convex cell wall surface (Fig. 4) The biochemical characteristics of the cell 37 C) had no effect on the cell wall. Lysozymewall were investigated by testing the effects of EDTA (15) , which converted intact cells of E. various enzymes and reagents on the structure coli into spheroplasts, had no effect on S. guanidine hydrochloride (pH 7, 37 C), a hydrogen bond-breaking reagent, caused a partial or complete loss of the organized cell wall structure (Fig. 5) .
The effect of SDS on the structure and integrity of the cell envelope was controlled by the concentration of the reagent as well as the temperature of incubation. An aqueous 1% SDS solution (pH 5.5) at 23 C caused a 55% reduction in optical density. The addition of 10 mM EDTA (pH 7) to the 1% SDS (23 C) solution reduced the optical density by 23% after 30 min, suggesting that metal ions may play a role in the stability of the cell envelope. The morphology of SDS (1%)-treated cell walls was essentially the same after treatment with EDTA. After extraction with 1% SDS at 90 C, an array of subunits with frayed edges and a central hollow core was observed in negatively stained preparations. Treatment of cells with 10% SDS at 23 C fragmented the cell envelope into smaller straight-sided cell wall sheets, without altering the appearance of negatively stained subunits. Further treatment with 10% SDS at 90 C, which extracts lipoproteins and lipopolysaccharides (3), solubilized the cell wall.
Extraction of cells with 67% DMSO at 60 C, which removes lipopolysaccharides (1), had no effect on cell wall stability or the appearance of cells. A 1% SDS (23 C) solution at pH 10.5 caused cell lysis (Fig. 6 ), but did not alter the cell wall structure. The use of dithiothreitol, a disulfide bond-breaking reagent, at pH 10.5 with 1% SDS (23 C) brought about the complete disintegration of the cell wall (Fig. 6) . Negatively stained preparations of this material appeared amorphous.
The procedure adopted for the isolation of cell walls makes use of the removal of the cell membrane by Triton X-100 (2). The morphology of Triton-treated cells is illustrated in Fig.  7 , in which a Triton-treated cell is matched with an untreated cell. The untreated cell (Fig. 7a the cell wall and a "unit" membrane with an overall width of about 7.5 nm. The cytoplasmic membrane is not observed in the Triton-treated cells (Fig. 7b) . The Triton-insoluble cell wall surrounds lightly stained cytoplasmic material. In the procedure used to isolate cell walls, intact cells were initially disrupted by passing washed bacteria through a French press twice. The resulting fraction consisted mainly of open cellenvelope fragments that retained the characteristic cellular shape. These fragments were then washed in buffer and treated with Triton X-100. After Triton treatment, the cell wall fragments lost the characteristic cellular shape and formed open sheets with the characteristic subunit structure (Fig. 8) . The results of ultraviolet spectra at 255 to 260 nm showed that these cell wall sheets were easily freed of nucleic acids by washing.
When cells were lysed at pH 10.5, it was found that on a per cell basis about 65% of the protein was released, whereas only 34% of the total carbohydrate was released. On the other hand, 47% of the total hexosamine was released. These data indicate that a significant amount of carbohydrate and hexosamine is located in the cell envelope. Chemical analysis of the cell envelope shows a protein-hexosamine-carbohy- treatment caused the release of protein without changing the ratio of protein to hexosamine, suggesting that hexosamine is present in the cytoplasmic membrane. When the protein-hexosamine-carbohydrate ratio of alkali-treated cell wall fractions (1:0.026:0.140, wt/wt/wt) is compared with that obtained after Triton treatment of French press extracts (1:0.006:0.065, wt/wt/wt), it is clear that most of the hexosamine and carbohydrate are associated with the cytoplasmic membrane; these two components are removed more readily from French press extracts, presumably because the cell wall fragments form as open sheets free of contamination.
The data from the chemical analysis of the Triton-insoluble fraction show that the cell walls contain a large proportion of protein. The composition of this protein is presented in Table  1 . It appears that the cell wall fraction is enriched with charged amino acids (aspartate, glutamate, and lysine) as well as with branched-chain hydrophobic amino acids (valine, leucine, and isoleucine). Special methods (14) were used to detect components of the rigid layer, diaminopimelic acid and muramic acid. Cell walls hydrolyzed for 22 h at 110 C or 8 h at 100 C contained small amounts of diaminopimelic acid with only traces of muramic acid. In addition, two unidentified peaks were observed (Fig. 9) . The first peak appeared after lysine and before histidine with about 30% of the absorbance displayed by histidine. The second peak, which was seen after leucine and in front of tyrosine, had about 10% of the absorbance of tyrosine. One peak representing hexosamine was also observed.
DISCUSSION
The unusual cell wall of S. acidocaldarius is of interest, because it comes in contact with low pH and high temperature. The procedure described in this study for isolating the cell wall has two advantages over other procedures which have been used with morphologically similar cell walls (18 4.25. ments that affect noncovalent bonds is due in part to the stabilization of lipoprotein by divalent cations, which would explain the effect of EDTA during treatment of cells with low concentrations of SDS. In addition to observations of noncovalently-linked protein, it was noted that the cell wall was sensitive to treatment with dithiothreitol, a disulfide bond-breaking reagent. This strongly suggests that the lipoprotein component is responsible for cell wall integrity, presumably by hydrophobic proteinprotein interaction.
The loss of the characteristic cellular shape after the removal of the cytoplasmic membrane, in combination with the results obtained on the carbohydrate and hexosamine content of the cell wall, indicates a strucural association between the cell wall and the cytoplasmic membrane. The wall-membrane interaction could occur through insertion of carbohydrate and hexosamine of the cytoplasmic membrane into the cell wall. This interaction would tend to stabilize both the cell wall and cytoplasmic membrane, making the cell envelope more rigid. The cell wall contains a high proportion of charged amino acids. Without correcting for amide, which presumably is rapidly degraded at pH 2 above 70 C, it was found that the cell wall contains an excess of acidic over basic amino acids at a percentage of about 9 mol. This value is similar to that of mesophilic bacteria living in neutral habitats (11) , but well below that of other bacteria from extreme ionic environments (9, 18) .
It seems clear from the results described here that the cell wall of S. acidocaldarius is unique. The inability to detect significant amounts of muramic acid and the observation that lysozyme-EDTA has no effect on the integrity of the cell wall leave little doubt that the wall of S. acidocaldarius is fundamentally different from that of gram-positive or gram-negative bacteria. Very few organisms with similar cell walls have been studied chemically or by electron microscopy. In addition to S. acidocaldarius, only Halobacterium (6, 8, 18) , thermophilic sulfur bacteria (5), and rod-shaped acido-thermophilic bacteria (Weiss, unpublished data) seem to have subunit cell walls that lack a rigid peptidoglycan layer. Organisms of this type would appear to form a new major division of bacteria distinguished from gram-positive and gram-negative bacteria by the physicochemical features of the subunit cell wall.
The results presented here support the idea that survival of S. acidocaldarius may depend on the existence of an unusual cell wall characterized as follows: (i) morphologically distinct subunit structure devoid of peptidoglycan, (ii) lipoprotein subunits stabilized by divalent cations, (iii) wall-membrane interaction stabilizing the cell envelope, (iv) highly charged hydrophobic cell surface. The most unusual characteristic of the cell wall is the lack of peptidoglycan. Indeed, one can speculate that, in low pH, high temperature habitats, peptidoglycan is unstable and the nonpeptidoglycan wall of S. acidocaldarius is a factor permitting adaptation to the extreme conditions.
